The anti-oxidative phenolic compounds in plant extracts possess multiple pharmacological functions. However, the phenolic characterization and in vitro bio-activities in various parts of raspberry (Rubus idaeus L.) have not been investigated systematically. In the present study, the phenolic profiles of leaves (LE), fruit pulp (FPE), and seed extracts (SE) in raspberry were analyzed by HR-HPLC-ESI-qTOF-MS/MS method, and their antioxidant activities and digestive enzymes inhibitory abilities were also investigated. The molecular docking analysis was used to delineate their inhibition mechanisms toward type II diabetes related digestive enzymes. Regardless of LE, FPE, or SE, 50% methanol was the best solvent for extracting high contents of phenolic compounds, followed by 50% ethanol and 100% methanol. The LE of raspberry displayed the highest total phenolic content (TPC) and total flavonoid content (TFC). A total of nineteen phenolic compounds were identified. The quantitative results showed that gallic acid, ellagic acid, and procyanidin C3 were the major constituents in the three extracts. The various parts extracts of raspberry all exhibited the strong antioxidant activities, especially for LE. Moreover, the powerful inhibitory effects of the three extracts against digestive enzymes (α-glucosidase and α-amylase) were observed. The major phenolic compounds of the three extracts also showed good inhibitory activities of digestive enzyme in a dose-dependent manner. The underlying inhibitory mechanisms of the main phenolic compounds against digestive enzymes were clarified by molecular docking analysis. The present study demonstrated that the various parts of raspberry had strong antioxidant activities and inhibitory effects on digestive enzymes, and can potentially prevent oxidative damage or diabetes-related problems.
Introduction
Nowadays, incidences of metabolic syndrome-related diseases have rapidly increased all over the world, such as oxidative damage, diabetes, obesity, hypertension, and cardiovascular disease [1] . Food nutritionists have revealed that oxidative stress and high-calorie diets was closely related to the development of chronic disease [2] . To some extent, chemical drugs have good curative effect for relieving these chronic diseases, but they may also bring seriously side effects and drug sonicated for 30 min at 40 • C, 320 W. The mixture was subsequently filtered through a Whatman No. 1 paper.
Determination of Total Phenolic Content (TPC) and Flavonoid Content (TFC)
TPC was measured according to the Folin-Ciocalteau method with gallic acid as the standard [15] . TPC were expressed as mg gallic acid equivalents (GAE)/g sample in dry weight (DW). TFC was determined based on the aluminium chloride colorimetric method with rutin as the standard [16] . TFC were expressed as mg rutin equivalents (RE)/g sample in DW.
Phenolic Compositions Analysis by HPLC-ESI-HR-qTOF-MS/MS
The phenolic compositions of the three parts extracts' (extracted by 50% methanol) of raspberry were separated by using an HPLC system (Agilent 1200, CA, USA) equipped with a Diode Array Detector (DAD, Aglient, CA, USA). The analytical column was 250 mm × 4.6 mm, Zorbax Eclipse C 18 plus column (5 µm, Aligent, CA, USA). Acetonitrile including 0.1% formic acid (phase A) and water including 0.1% formic acid (phase B) were used as the mobile phases. The gradient elution program was 0-5 min, 15% A; 5-20 min, 15-25% A; 20-30 min, 25-35% A; 30-40 min, 35-50% A; 40-50 min, 80% A; 50-55 min, 15% A, with a flow rate of 0.8 mL/min. The injection volume was 10 µL, temperature of the column was set to 30 • C, and the UV/DAD were monitored from 200 to 600 nm. The HR-qTOF-MS/MS analysis was performed with a high-resolution time-of-flight (HR-qTOF) mass detector (maXis, Bruker, Billerica, MA, USA) in the negative or positive mode (4.0 kV). Mass spectra were recorded over the mass range m/z 100 to 1000. The acquired MS data were processed by Bruker Daltonics DataAnalysis software. The contents of the analytes were expressed as mg per g DW (Table S1 ).
Antioxidant Activities Assays
2.6.1. DPPH Radical Scavenging Activity Assay DPPH assay was measured based on the method described earlier [17] . The absorbance at 517 nm was recorded by a microplate reader (SpectraMax M5 Molecular Device, CA, USA). Trolox or Vc solution (5-100 µg/mL) were served as positive controls. The results were expressed as the percentage of inhibition in the following Equation (1) . DPPH radical scavenging activity (%) = 1 − A s − A b A c × 100 (1) where A s = the absorbance of the sample extracts with DPPH solution, A b = the absorbance of the sample extracts without DPPH solution, A c = the absorbance of DPPH solution.
ABTS Cation Radical Scavenging Activity Assay
ABTS assay was determined according to the method of Wang et al. (2017) [18] . The absorbance at 517 nm was recorded by the microplate reader. Trolox or Vc solution (5-100 µg/mL) was served as positive controls. The scavenging activity (%) was calculated by Equation (2) .
ABTS
+ radical scavenging activity (%) = 1 − A s − A b A c × 100 (2) where A s = the absorbance of the extracts with ABTS + solution, A b = the absorbance of the extracts without ABTS + solutionl, A c = the absorbance of ABTS + solution.
Hydroxyl (OH − ) Radical Scavenging Activity Assay
The scavenging activity of OH − radicals was measured based on the method described by Liu et al., 2017 [19] . The reaction mixture included 100 µL of the extracts' dilutions, 100 µL of 6 mM Fe 2 SO 4 Antioxidants 2019, 8, 274 4 of 18 solution, and 100 µL of 2.4 mM H 2 O 2 . After 10 min of incubation at 25 • C, the mixture was incubated with 100 µL of 6 mM salicylic acid at 25 • C for 30 min, then the absorbance at 510 nm was measured. A Trolox or Vc solution (5-100 µg/mL) served as the positive control.
Ferric Reducing/Antioxidant Power (FRAP) Assay
The FRAP assay was measured according to the method reported by Wong, Li, Cheng, and Chen (2006) [20] . A standard curve was constructed using the FeSO 4 ·7H 2 O (0-1000 µM) as the reference standard. The FRAP values were expressed in mM ferrous sulfate equivalents Fe(II)SE/g sample in DW (mM Fe(II)SE/g DW).
Type II Diabetes Related Enzyme Inhibition Properties

α-Glucosidase Inhibition Activity Assay
The inhibitory activity of α-glucosidase was performed as the previous reported method with modifications [21] . Briefly, 100 µL of the extracts' dilutions and 100 µL of 1 U/mL α-glucosidase in 0.1 M phosphate buffer solution (pH 6.8) was mixed and pre-incubated at 37 • C for 10 min. Then, 100 µL of 5 mM p-NPG solution was added, and the reaction solution was incubated for another 20 min. The reaction was terminated by adding 500 µL of 0.2 M Na 2 CO 3 solution. The absorbance at 405 nm was recorded. Acarbose was used as a positive control. The inhibitory potency (%) was calculated by Equation (3) .
where ∆A s = A extract+enzyme − A extract , ∆A c = A buffer+enzyme − A buffer .
α-Amylase Inhibition Activity Assay
The inhibitory activity of α-amylase was carried out according to the literature with slight modification [22] . An amount of 200 µL of the extracts' dilutions were mixed with 200 µL of α-amylase (0.5 mg/mL in PBS, pH = 6.8), and the mixture was pre-incubated at 37 • C for 15 min. Then, 400 µL of 2 mg/mL soluble starch solution was added to start the hydrolysis at 37 • C for 10 min. Afterwards, 1 mL of DNS reagent was added to stop the hydrolysis reaction, and the mixture was placed in boiling water bath for 5 min. When being cooled to room temperature, the absorbance at 540 nm was measured. The solution without α-amylase was used as the blank. The inhibitory potency (%) was calculated by Equation (4) .
Molecular Docking Analysis
The 2D conformers of the main phenolic standards (gallic acid, ellagic acid, and procyanidin C3) and acarbose (an anti-diabetic drug) were drawn by Chem 3D software, and the PDB formats of the α-glucosidase (PDB ID:3A4A) and α-amylase (PDB ID:1PPI) were downloaded from RCSB PDB (http://www.rcsb.org/pdb/home/home.do) [23] . Because the structural information of α-glucosidase from S. cerevisiae was not available, the homology structural (isomaltase, PDB ID: 3A4A) with high similarity of α-glucosidase was used as the template to perform the α-glucosidase docking analysis [23] . The molecular docking analysis of the main phenolic standards and acarbose to digestive enzymes was performed by the Surflex-Dock Geom (SFXC) mode using SYBYL-X 2.0 software package (Tripos, Inc., St. Louis, MO, USA). The docking procedure of small molecules to digestive enzymes is referred to in the literature [24] . Subsequently, a docking score file was generated and saved as the SD format. A C-Score (≥ 4) was selected as the credible results for the next docking analysis. The relevant docking parameters (e.g., T-Score, PMF-Score, D-Score, CHEM-Score, amino acid residues with active site, and hydrogen bond distances, etc.) may be used to reveal the inhibition mechanism of small molecules to digestive enzymes. The Surflex-Dock scoring function is a weighted sum of non-linear functions involving van der Waals surface distances between the appropriate pairs of exposed enzyme and ligand atoms.
Data Analysis
All the experiments were carried out in triplicate. Values were presented as the mean values ± standard deviation (SD). Analyses of variance and significance differences were analyzed by SPSS Statistics version 17.0 (IBM SPSS, Chicago, USA).
Results and Discussion
Total Phenolic Content and Total Flavonoid Content
The choice of the extraction solvent is very important for the recovering of phenolic compounds in plant matrix [25] . Common solvents including ethanol, methanol, acetone, and ethyl acetate have been widely used for the extraction of nature antioxidants in plant matrix [26, 27] .
As seen from Figure 1 , results of TPC and TFC showed that concentrations significantly varied between the different solvents in various parts of raspberry. Regardless of LE, FPE, or SE, 50% methanol/ethanol showed high efficiency in the extraction of total phenolic and flavonoid compounds, followed by 100% EtOH and 100% methanol. In contrast, water and ethyl acetate were the least efficient solvents for extracting the phenolics and flavonoids compounds. It is worth noting that 50% methanol was evidently better than 100% methanol for extracting phenolic compounds (p < 0.01), which may be due to that the extraction efficiency depends on the polarity of the compounds present in the samples [28, 29] . P. López-Perea et al, (2019) also reported that 80% methanol showed higher efficiency in the extraction of phenolic compounds from wheat bran and barley husk than 100% methanol [30] . When extracted by 50% methanol solution, the highest TPC (63.79 ± 3.11 mg GAE/g DW) and TFC (38.68 ± 2.4 mg RE/g DW) were found in LE, followed by FPE (42.26 ± 3.11 mg GAE/g DW for TPC, 28.60 ± 2.12 mg RE/g DW for TFC), and comparatively low amounts in SE (20.25 ± 1.79 mg GAE/g DW for TPC, 15.03 ± 1.82 mg RE/g DW for TFC). Wanyo et al. (2014) reported that 64% ethanol was the most efficient phenolic compounds extraction solvent [31] . Djordjevic et al. (2011) showed that high concentrations of phenolic compounds in barley grain (Hordeum vulgare) were obtained with 70% ethanol [32] . Our results also confirmed the choice of solvent varieties and concentrations have very significant influences in the extraction efficiency of phenolic compounds. Therefore, in the next study, in order to investigate the phenolic compositions and their in vitro biological activities of various parts in raspberry, 50% methanol was chosen as the best extraction solvent. enzymes is referred to in the literature [24] . Subsequently, a docking score file was generated and saved as the SD format. A C-Score (≥ 4) was selected as the credible results for the next docking analysis. The relevant docking parameters (e.g., T-Score, PMF-Score, D-Score, CHEM-Score, amino acid residues with active site, and hydrogen bond distances, etc.) may be used to reveal the inhibition mechanism of small molecules to digestive enzymes. The Surflex-Dock scoring function is a weighted sum of non-linear functions involving van der Waals surface distances between the appropriate pairs of exposed enzyme and ligand atoms.
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As seen from Figure 1 , results of TPC and TFC showed that concentrations significantly varied between the different solvents in various parts of raspberry. Regardless of LE, FPE, or SE, 50% methanol/ethanol showed high efficiency in the extraction of total phenolic and flavonoid compounds, followed by 100% EtOH and 100% methanol. In contrast, water and ethyl acetate were the least efficient solvents for extracting the phenolics and flavonoids compounds. It is worth noting that 50% methanol was evidently better than 100% methanol for extracting phenolic compounds (p < 0.01), which may be due to that the extraction efficiency depends on the polarity of the compounds present in the samples [28, 29] . P. López-Perea et al, (2019) also reported that 80% methanol showed higher efficiency in the extraction of phenolic compounds from wheat bran and barley husk than 100% methanol [30] . When extracted by 50% methanol solution, the highest TPC (63.79 ± 3.11 mg GAE/g DW) and TFC (38.68 ± 2.4 mg RE/g DW) were found in LE, followed by FPE (42.26 ± 3.11 mg GAE/g DW for TPC, 28.60 ± 2.12 mg RE/g DW for TFC), and comparatively low amounts in SE (20.25 ± 1.79 mg GAE/g DW for TPC, 15.03 ± 1.82 mg RE/g DW for TFC). Wanyo et al. (2014) reported that 64% ethanol was the most efficient phenolic compounds extraction solvent [31] . Djordjevic et al. (2011) showed that high concentrations of phenolic compounds in barley grain (Hordeum vulgare) were obtained with 70% ethanol [32] . Our results also confirmed the choice of solvent varieties and concentrations have very significant influences in the extraction efficiency of phenolic compounds. Therefore, in the next study, in order to investigate the phenolic compositions and their in vitro biological activities of various parts in raspberry, 50% methanol was chosen as the best extraction solvent. ethanol. Different lowercase letters (a-g) mean statistically significant differences following different extraction solvents. Different uppercase letters (A-C) mean statistically significant differences following different samples under same extraction solvents.
HPLC-ESI-HR-qTOF-MS/MS Characterization and Quantification of Phenolic Compositions
The phenolic compositions in different samples were identified by comparing their retention times and MS spectrum data with the authentic standards and reported data [14] . Table 1 and Figure 2 show the corresponding identification results of each peaks in HPLC chromatograms. Based on the MS/MS spectrum data, compound 1 displayed a [M-H] − in m/z 169.1221, which was easily identified as gallic acid. Chlorogenic acid (compound 2) and epicatechin (compound 3) were identified by their UV spectrum and MS spectral data, respectively. The quantification results of fifteen phenolic compounds are shown in Table 2 . The LE possessed the widest range of phenolic compositions, but also with the highest contents of individual phenolics. However, SE included the narrowest range of investigated compounds and the lowest contents of individual phenolics. Regardless of LE, FPE, or SE, gallic acid, ellagic acid, and procyanidin C3 were the most abundant of phenolic compounds. Meanwhile, the contents of gallic acid and ellagic acid in LE reached up to 539.42 ± 2.09 µg/g DW and 527.26 ± 3.27 µg/g DW. Their contents in FPE were 339.45 ± 2.17 µg/g DW and 95.42 ± 0.53 µg/g DW, respectively, which were significantly lower than those in LE. The contents of procyanidin B2 (10.72 ± 0.07 µg/g DW) and procyanidin C3 (252.37 ± 0.05 µg/g DW) in FPE were evidently higher than those in LE or SE. Particularly, some flavonols compounds (quercetin-3-glucoside, kaempferol-7-O-glucuronide, quercetin-7-O-glucuronide and kaempferol-3-O-glucuronide) except for rutin and avicularin were only found in LE and SPE of raspberry. Meanwhile, it can be found that there also existed high contents of some invididual phenolic compounds in SE, such as gallic acid (127.15 ± 3.21 µg/g DW), procyanidin C3 (29.12 ± 0.11 µg/g DW) and ellagic acid (48.32 ± 0.23 µg/g DW), which showed that SE may be used as a good food ingredient enriched in phenolic compounds. Qin et al. (2018) have confirmed that high levels of gallic acid and ellagic acid existing in the form of bound phenolics were found in raspberry fruit and seed extracts, which was consistent with the results of our study [13] . 
Antioxidant Activities
In order to fully reflect the antioxidant capacity of the samples extracts, four well-known chemical test methods including DPPH, ABTS + , and OH − free radical scavenging activities and ferric reducing antioxidant activity (FRAP) were used to perform the antioxidant activity assays.
It was found that LE exhibited the strongest antioxidant activity, followed by FPE, and SE performed the weakest antioxidant activity. All of the samples' extracts showed the antioxidant activities in a concentration-dependent manner ( Figure 3A-D) . The insets of Figure 3A -C show the corresponding IC 50 values of the samples/controls. Notably, the lower the IC 50 values indicated, the stronger the antioxidant activity. For the DPPH assay, the IC 50 value of LE (5.60 ± 0.31 µg/mL) was lower than that of Vc (16.80 ± 1.31 µg/mL) and Trolox (39.90 ± 0.67 µg/mL), about one-third of that of FPE (18.71 ± 1.35 µg/mL), and one-sixth of that of SE (32.33 ± 1.42 µg/mL). LE also exhibited the strongest ABTS + free radical scavenging activity. The IC 50 value of LE (3.70 ± 0.17 µg/mL) was lower than that of Trolox (41.50 ± 1.97 µg/mL), FPE (29.43 ± 1.83 µg/mL), and SE (33.15 ± 2.19 µg/mL). Meanwhile, three various parts' extracts in raspberry (LE, FPE and SE) also exhibited the strong OH − free radical scavenging activity, and their corresponding IC 50 values were 3.01 ± 0.13 µg/mL, 6.40 ± 0.27 µg/mL, and 8.61 ± 0.52 µg/mL, respectively. The IC 50 value of LE was also lower than that of Vc (19.83 ± 0.37 µg/mL) and Trolox (33.91 ± 1.82 µg/mL). The insets of Figure 3A -C showed the results of FRAP assay. As is well known, higher FRAP values represent stronger anti-oxidant activity. The FRAP value of LE (198.32 ± 21.72 mM/g DW) was also higher than that of FPE (100.81 ± 12.31 mM/g DW) and SE (21.92 ± 3.72 mM/g DW).
The correlation co-efficient analysis results between the phenolic contents at different concentrations and antioxidant activities of the three extracts clearly verified that there was a good correlation between these two parameters (DPPH vs. TPC, r = −0.807, p < 0.01; ABTS vs. TPC, r = −0.875, p < 0.01; OH − vs. TPC, r = −0.792, p < 0.01), suggesting that the phenolic compounds significantly contributed to the antioxidant activities of three samples extracts. Qin et al. (2018) reported that the antioxidant activities of raspberry fruits and seeds extracts were strongly correlated with the released phenolic contents during in vitro digestion [13] . Wang et al. (2019) also confirmed that the released bound phenolics of raspberry leaves and seeds treated with different methods were responsible for their antioxidant activities [14] . In the present study, gallic acid, ellagic acid, and procyanidin C3 were the major phenolic compounds in different parts of raspberry. Many researches have verified that these three phenolics possess strong antioxidant activity [33] . Malinda et al. (2017) reported that gallic acid and ellagic acid showed strong DPPH radical scavenging activity with IC 50 values of 2.24 µg/mL and 4.80 µg/mL, respectively [34] . Bialonska et al. (2009) have also verified that ellagic acid displayed no significant differences in the antioxidant activity with Vc by in vivo testing [35] . Because LE possessed higher contents of these main phenolic compounds (especially for gallic acid and ellagic acid) than FPE and SE, thus, LE showed the strongest antioxidant capacity, followed by FPE. The results of the above studies further revealed that the phenolic compounds of various parts in raspberry may contribute evidently to their antioxidant activities. 
Type II Diabetes Related Enzymes Inhibitory Activities
Alpha-glucosidase or α-amylase, two key digestive enzymes in the digestive tract, can break down macromolecular carbohydrates into monosaccharide/glucose. As well known, excess glucose accumulates in the blood instead of being used for energy, which may cause type II diabetes. Many researches have confirmed that phenolic compounds may bind the amino acid residues with the active sites of digestive enzymes into complex formation by hydrogen bonding, and thereby inhibit the catalytic reaction of digestive enzymes on carbohydrates [36] . Therefore, the phenolic fractions in various parts of raspberry on the inhibition of digestive enzymes were used to evaluate their potential hypoglycemic effect. Figure 4 exhibits that the various parts of raspberry extracts tended to be strong inhibitors of type II diabetes-related enzymes. It can be found that the samples' extracts or acarbose all showed the inhibition activity of digestive enzymes in a concentration-dependent manner ( Figure 4A,B) . Figure 4C ,D show the IC50 values of the samples extracts or the main individual phenolic compounds on the inhibition effects on digestive enzymes. Similarly, the lower IC50 values indicated the stronger inhibition activity of digestive enzymes. The α-glucosidase inhibition activity of LE (IC50 = 96.50 ± 7.71 μg/mL) was evidently stronger than that of FPE (IC50 = 265.41 ± 20.7 μg/mL) and SE (IC50 = 218.5 ± 17.53 μg/mL) (p < 0.01). However, the α-glucosidase inhibition potency of acarbose 
Alpha-glucosidase or α-amylase, two key digestive enzymes in the digestive tract, can break down macromolecular carbohydrates into monosaccharide/glucose. As well known, excess glucose accumulates in the blood instead of being used for energy, which may cause type II diabetes. Many researches have confirmed that phenolic compounds may bind the amino acid residues with the active sites of digestive enzymes into complex formation by hydrogen bonding, and thereby inhibit the catalytic reaction of digestive enzymes on carbohydrates [36] . Therefore, the phenolic fractions in various parts of raspberry on the inhibition of digestive enzymes were used to evaluate their potential hypoglycemic effect. Figure 4 exhibits that the various parts of raspberry extracts tended to be strong inhibitors of type II diabetes-related enzymes. It can be found that the samples' extracts or acarbose all showed the inhibition activity of digestive enzymes in a concentration-dependent manner ( Figure 4A,B) . Figure 4C ,D show the IC 50 values of the samples extracts or the main individual phenolic compounds on the inhibition effects on digestive enzymes. Similarly, the lower IC 50 values indicated the stronger inhibition activity of digestive enzymes. The α-glucosidase inhibition activity of LE (IC 50 = 96.50 ± 7.71 µg/mL) was evidently stronger than that of FPE (IC 50 = 265.41 ± 20.7 µg/mL) and SE (IC 50 = 218.5 ± 17.53 µg/mL) (p < 0.01). However, the α-glucosidase inhibition potency of acarbose (IC 50 = 267.47 ± 19.72 µg/mL) was lower than that of LE (p < 0.05). FPE also possessed good inhibition activity against α-glucosidase, but there is no statistically significant difference with acarbose (p > 0.05). Figure 4C presents that the IC 50 value for α-glucosidase inhibition activity of PC was 93.37 ± 5.79 µg/mL, which was significantly lower than that of GA (IC 50 = 590.34 ± 15.71 µg/mL) and EA (IC 50 = 976.32 ± 41.72 µg/mL) (p < 0.01). For α-amylase inhibition activity assay, LE have the lowest IC 50 values (IC 50 = 118.42 ± 2.79 µg/mL), followed by FPE (IC 50 = 388.27 ± 2.47 µg/mL) and SE (IC 50 = 891.12 ± 25.71 µg/mL). Moreover, the IC 50 value of acarbose (IC 50 = 442.23 ± 19.74 µg/mL) was higher than that of LE (p < 0.05), which indicates that LE may be used as a potential good anti-diabetic resource. Among the three main phenolic compounds, PC showed the strongest α-amylase inhibition activity (IC 50 = 92.31 ± 3.51 µg/mL), followed by EA (IC 50 = 516.73 ± 25.29 µg/mL), and GA (IC 50 = 397.37 ± 12.37 µg/mL) (p < 0.01). values (IC50 = 118.42 ± 2.79 μg/mL), followed by FPE (IC50 = 388.27 ± 2.47 μg/mL) and SE (IC50 = 891.12 ± 25.71 μg/mL). Moreover, the IC50 value of acarbose (IC50 = 442.23 ± 19.74 μg/mL) was higher than that of LE (p < 0.05), which indicates that LE may be used as a potential good anti-diabetic resource. Among the three main phenolic compounds, PC showed the strongest α-amylase inhibition activity (IC50 = 92.31 ± 3.51 μg/mL), followed by EA (IC50 = 516.73 ± 25.29 μg/mL), and GA (IC50 = 397.37 ± 12.37 μg/mL) (p < 0.01). The digestive enzymes inhibitory abilities of various parts extracts in raspberry and acarbose: α-glucosidase inhibitory activity (A) and α-amylase inhibitory activity (B). Figure 4C ,D represents the corresponding IC50 values of the samples/controls. LE, leaves extracts; FPE, fruit pulp extracts; SE, seed extracts; GA, gallic acid; EA, ellagic acid; PC, procyanidin C3. Different lowercase letters (a-e) mean statistically significant differences following different samples.
The correlation analysis results between the TPC and two digestive enzymes inhibition potency clearly verified that there was a good positive correlation between these two parameters (α-glucosidase inhibition potency vs. TPC, r = 0.781, p < 0.05; α-amylase inhibition potency vs. TPC, r = 0.854, p < 0.01). Many researches have confirmed that phenolic-rich extracts from leaf-tea, edible fruits, and natural products possess good inhibitory ability on digestive enzymes [23, 37] . have confirmed that procyanidin C3 possessed strong α-glucosidase inhibitory capacity [38] . Zhang et al. (2010) reported that gallic acid, anthocyanins, and rutin in raspberry have strong α-glucosidase inhibitory capacity, but ellagic acid possessed the weakest inhibitory ability of α-glucosidase, which was consistent with the results of our study [39] .
Molecular Docking Results
Figure 4.
The digestive enzymes inhibitory abilities of various parts extracts in raspberry and acarbose: α-glucosidase inhibitory activity (A) and α-amylase inhibitory activity (B). Figure 4C ,D represents the corresponding IC 50 values of the samples/controls. LE, leaves extracts; FPE, fruit pulp extracts; SE, seed extracts; GA, gallic acid; EA, ellagic acid; PC, procyanidin C3. Different lowercase letters (a-e) mean statistically significant differences following different samples.
Molecular Docking Results
Molecular docking analysis was further done to analyze the digestive enzymes inhibitory mechanisms of the main phenolic compounds including GA, EA, and PC. The results clearly revealed that the structures of phenolic compounds significantly affect their inhibitory effects on α-glucosidase or α-amylase. Table 3 and Figure 5 show the molecular docking results with regard to interactions between α-glucosidase and several main phenolic molecules/acarbose binding. From Table 3 , the molecular docking C-Scores values of those several molecules/acarbose were all ≥ 4, which indicates credible docking results. Table 3 and Figure 6 show the molecular docking results of α-amylase with the investigated phenolic molecules. The C-Scores of three main phenolic molecules and acarbose were all ≥ 4. Figure 6 shows that six H-bonds (yellow dotted line) were formed between the active site of α-amylase and gallic acid. The 3D docking structures of three main phenolic compounds and acarbose were inserted into the hydrophobic cavity of the α-glucosidase (blue): gallic acid (A1); ellagic acid (B1); procyanidin C3 (C1); acarbose (D1). The conformation of active molecules interactions with amino acid residues in the active site of α-glucosidase: gallic acid (A2), ellagic acid (B2), procyanidin C3 (C2), and acarbose (D2) with residues in the active sites of the α-glucosidase, respectively. The dashed line stands for hydrogen bonds. The 3D docking structures of three phenolic compounds and acarbose were inserted into the hydrophobic cavity of α-amylase (blue): gallic acid (A1); ellagic acid (B1); procyanidin C3 (C1); acarbose (D1). The conformations of active molecules interactions with amino acid residues in the active site of α-amylase: gallic acid (A2), ellagic acid (B2), procyanidin C3 (C2), and acarbose (D2) with residues in the active sites of the α-amylase, respectively. The dashed line stands for hydrogen bonds.
It can be found that the numbers and distances of the H-bonds play important roles in exerting the catalytic reaction of the complex of digestive enzymes and ligands, and thereby cause the differences in inhibitory activity of digestive enzymes. Regardless of acarbose docked with Figure 6 . Molecular docking of the main three phenolic compounds and acarbose with α-amylase. The 3D docking structures of three phenolic compounds and acarbose were inserted into the hydrophobic cavity of α-amylase (blue): gallic acid (A1); ellagic acid (B1); procyanidin C3 (C1); acarbose (D1). The conformations of active molecules interactions with amino acid residues in the active site of α-amylase: gallic acid (A2), ellagic acid (B2), procyanidin C3 (C2), and acarbose (D2) with residues in the active sites of the α-amylase, respectively. The dashed line stands for hydrogen bonds.
It can be found that the numbers and distances of the H-bonds play important roles in exerting the catalytic reaction of the complex of digestive enzymes and ligands, and thereby cause the differences in inhibitory activity of digestive enzymes. Regardless of acarbose docked with α-glucosidase or α-amylase, the higher numbers of H-bonds and amino acid residues with active site were formed in the complex of digestive enzymes and acarbose. As a result, acarbose showed very good inhibitory effect of α-glucosidase and α-amylase. The numbers of H-bonds and amino acid binding sites formed by the two phenolic molecules (GA and EA) docked with α-glucosidase were equal, but there existed significant differences in inhibitory capacities of α-glucosidase. It may be due to that different interaction sites (amino acid residues) existed in between these molecules and α-glucosidase. Both of GA and EA all interacted with the amino acid residues His 351, Asp 215, Asp 352, and Arg 213 of α-glucosidase. EA also interacted with the amino acid residue Glu 411 of α-glucosidase. Some researchers have confirmed that some active sites (Glu 411) of α-glucosidase may inhibit the catalytic activity of this enzyme [37] . Consequently, ellagic acid showed the weakest α-glucosidase inhibitory effect. At least three investigated molecules formed H-bonds with the amino acid residues of Asp 69, Asp 215, and Asp 352, which may exert its α-glucosidase inhibitory effect. Hua et al. (2018) have also reported that Asp 69, Asp 215, and Arg 442 were the important residues involved in H-bond formation during the binding with α-glucosidase [37] . also reported that the binding active sites (Asp 215 and Asp 352) in between the ligands and α-glucosidase played important roles in exert its α-glucosidase inhibitory effect [23] . Similarly, the order of amino acid residues numbers formed by four molecules (GA, EA, PC, and Acarbose) docked with α-amylase was: Acarbose (7) = PC (7) > GA (5) > EA (4). The order of H-bonds number was: Acarbose (11) > PC (9) > GA (6) > EA (5). Consequently, the order of the docking T-Score was: Acarbose > PC > GA > EA, which was consistent with the results of α-amylase inhibition activity. Moreover, at least three investigated molecules interacted with the amino acid residues Asp 197 and His 305 of α-amylase, indicating that these two amino acid residues may play critical roles in the catalytic reaction of α-amylase. Many reports have confirmed that the amino acid residues Asp 197 and His 305 played critical roles in the catalytic reaction of α-amylase [40, 41] . The mechanisms of the digestive enzymes inhibitory activities of these compounds possibly involve the binding of compounds with the catalytic sites of digestive enzymes [37] . The results demonstrated that the hydrogen bonds and the binding residues with active sites have important effects on these digestive enzymes activities.
Conclusions
The solvents have significant impacts on the extraction of total phenolics and total flavonoids in various parts of raspberry. Fifty percent methanol was the best solvent for extracting high contents of phenolic and flavonoid compounds. The LE in raspberry displayed the highest TPC and TFC. A total of 19 phenolics compounds were identified. Gallic acid, ellagic acid, and procyanidin C3 were the main phenolic compositions existing in various parts of raspberry. Higher levels of phenolic compounds in raspberry showed the stronger anti-oxidant activities and inhibitory potency of digestive enzymes. The major phenolic compounds that were found in various parts of raspberry all showed good digestive enzyme inhibitory activities, especially for PC. Molecular docking analysis revealed the underlying inhibition mechanisms of these three main phenolic compounds against digestive enzymes, and the theoretical analysis data explained the experimental results very well. 
